Fe 3 Si/Al/Fe 3 Si/GaAs(001) structures were deposited by molecular-beam epitaxy and characterized by transmission and scanning electron microscopy, and x-ray diffraction. The first Fe 3 Si film on GaAs(001) is growing epitaxially as (001) 
I. INTRODUCTION
Device concepts based on the spin rather than the charge of the electron have been explored recently. These concepts will lead to further improvements in device performance. [1, 2] Nonvolatile memory technology using nanopillar magnetic tunnel junctions (MTJ) with spin transfer torque (STT) switching is currently most promising. [3, 4] In general, a STT device consists of two ferromagnetic (FM) films separated by a thin spacer layer, which can be either on oxide barrier or a non-FM metal. [5, 6] Via STT the orientation of a thin free magnetic layer in a MTJ can be changed using a spin-polarized current pulse, which is created in the thicker fixed magnetic layer. Hence, it can be used to flip the active elements in a magnetic random-access memory (RAM). Such STT-RAM has a low power consumption and good scalability in comparison to a magneto-resistive RAM.
In addition, particularly because of their potential for non-volatile memory applications, hybrid structures consisting of ferromagnetic (FM) metals and semiconductors (SC) are of major interest for the field of semiconductor spintronics. Here the FM acts as an injection layer for creating spinpolarized carriers within the SC. In general, a single FM film on top of a SC layer is sufficient for this purpose. We have recently demonstrated all-electrical spin injection and detection in local, non-local as well as extraction spin valves based on the Co 2 FeSi/GaAs hybrid system [7, 8] , which are essential building blocks for spintronic applications. In such spin valve structures the switching of the magnetization within the ferromagnetic contacts is obtained by applying an external magnetic field. The magnitude of the external magnetic field required for the reversal of the magnetization slightly differs for each contact due to small geometrical differences. The integration of STT structures in SC spintronic devices such as spin valves would on the other hand allow for an electrical switching of individually addressed FM contacts.
In the present work we grow and analyze ferromagnet/metal/ferromagnet (F/M/F) structures: Fe 3 Si/Al/Fe 3 Si layer stacks grown on GaAs(001) by molecular beam epitaxy (MBE).
The misfit of stoichiometric Fe 3 Si and GaAs is very low. [9] The as-grown structures were characterized by transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy (EDX) in the TEM, scanning electron microscopy (SEM) mainly in the electron backscattered diffraction (EBSD) mode, and x-ray diffraction (XRD) combined with phase retrieval.
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II. EXPERIMENT
The structures were grown by MBE on GaAs (001) substrates. The main growth parameters are given in Table I . After growth of a GaAs 300 nm thick buffer layer (T s = 580
• C, growth rate 480 nm/h) the templates were transferred under ultra high vacuum conditions to the As free growth chamber of the MBE system. Then nominally 4.5-nm-thick Fe 3 Si films were grown at a substrate temperature of 200 • C as described previously. [9] Here, 200
• C is within the optimum growth temperature range to obtain ferromagnetic Fe 3 Si layers with high crystalline and interfacial perfection on GaAs(001). [10] [11] [12] Aluminium films were grown on top of these Fe 3 Si films at a substrate temperature of 0
The growth rates were chosen to be 18 nm/h and 285 nm/h for Fe 3 Si and Al respectively.
On top of the Al film a second Fe 3 Si film was grown at two different substrate temperatures:
one sample at T s = 17-67
• C (temperature ramp) and the second sample in the beginning at T s = 13-25
• C (temperature ramp) and later at T s = 200
• C. The temperature ramp occurs because of the temperature drift during the growth time of 150 min due to the heat radiation of the source without additional cooling oft the substrate. Another sample was left without the second Fe 3 Si film for comparison.
First the samples were investigated by high-resolution (HR) XRD in order to obtain macroscopic information about the structure of the upper Fe 3 Si and the Al films. XRD measurements were performed on the structures using a Panalytical X-Pert PRO MRD TM system with a Ge(220) hybrid monochromator (Cu Kα 1 radiation with a wavelength of λ = 1.54056Å). The program Epitaxy TM was used for data evaluation. For the direct determination of the displacement depth profile from the XRD curves we used the x-ray phase retrieval method. [13, 14] In addition the as-grown structures were characterized on a microscale by HR TEM.
For that purpose cross-sectional TEM specimens were prepared by mechanical lapping and polishing, followed by argon ion milling according to standard techniques. TEM images were acquired with a JEOL 3010 microscope operating at 200 kV in order to reduce radiation damage. The cross section TEM method provides high lateral and depth resolutions on the nanometer scale, however, they average over the thickness of the thin sample foil (∼ 20 nm).
Elemental analyses were performed by high-resolution scanning transmission electron microscope (STEM). STEM EDX mapping was obtained using the JEOL 2010 STEM equipped 3 with a a silicon drift detector from Bruker.
One of the samples was investigated by EBSD in order to obtain independent data about the structure of the upper Fe 3 Si film. [15] In the SEM Kikuchi-patterns are recorded point by point. The orientation of every point is recovered from the corresponding pattern with the limit of a lateral resolution of 20-30 nm. In this way the orientation distribution of the grains is determined in a very thin subsurface region.
III. RESULTS AND DISCUSSION
A. Al/Fe 3 Si/GaAs multilayers Figure 1 demonstrates the HR XRD curve of sample 1 near the GaAs 002 and 004
reflections. The Fe 3 Si 002 reflection is superimposed to GaAs 002 as the misfit between both lattices is very low, however, the layer peak is broader due to the finite film thickness. (111) surface. Indeed, the ratio of surface energies of the fcc Al lattice for the 111 and the 100 directions has been calculated by density functional theory to be 0.77. [16] We will return to this point later. The 222 reflection of the Al film of sample 1 was analyzed by the x-ray phase retrieval method (see Fig. 3 ) in order to obtain additional information about the Al growth on the Fe 3 Si. [13, 14] The 222 reflection of the Al film is shown in the inset. The result of the phase retrieval is the depth profile of the displacement (left axis). The zero of the depth coordinate corresponds to the upper surface of the Al film. The phase retrieval was performed only for the Al-reflection and therefore the depth coordinate is connected only to the Al film.
Sometimes it is more convenient to consider the depth profile of the deformation (right axis), which is the derivative of the displacement. As a result we obtain a (1.9 ± 0.5) nm thick transition layer between Al and Fe 3 Si at a depth of (18.4 ± 1) nm. We defined the transition layer as such: The displacement varies between 10% and 90% of the maximum value. We stress that the transition layer thickness was measured over an area of (1×10) mm 2 . Later we will see that this result corresponds to more local measurements. The application of the phase retrieval method is justified because the coherence length of the radiation is in the µm range thanks to application of crystal optics elements. by a sigmoidal function [19] . The transition layer is (1.8 ± 0.5) nm thick. According to our definition of the transition layer the diffracted intensity varies between 10% and 90% of the maximum value. These results correspond well to those obtained by x-ray phase retrieval, described earlier.
In addition we performed EDX measurements in the STEM in order to study the composition of the films. Al (222) Al (111) GaAs (002) GaAs ( The diffracted intensity is plotted here on a logarithmic scale. φ is the azimuthal angle of the sample and ψ is the tilt angle. 
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